Solid-state electrochromic windows from 3,4-propylenedioxythiophene (ProDOT) derivatives using dual polymer electrochromic architecture were fabricated and their electro-optical characteristics were recorded. DibenzylProDOT (DiBz-ProDOT) and biphenylmethyloxymethyl ProDOT (BPMOM-ProDOT) were used as cathodically coloring polymers, whereas bis(2-(3,4-ethylenedioxy)thienyl)-N-methyl carbazole (BEDOT-NMCz) was used as their complementary anodically coloring polymer. Straightforward assembly of the devices was designed by means of using a UV photo-curable gel. These devices exhibited response speeds of approximately 1 s with photopic contrasts as high as 52% for the complete device, and were found to exhibit good stability under open circuit conditions. Convenience of reporting photopic values to characterize electrochromic devices compared to reporting contrasts at a single wavelength is remarked.
Introduction
One advantage that electrochromics possess over other chromic technologies is end-user control. Electrochromics can be operated either using a sensor that can translate heat or light changes to an electrical pulse that will automatically change the chromacity of the device, or electrochromics can be fitted with a controller that allows the user to control the optical emissivity of the device. Electrochemical switching of conjugated polymers between its oxidized doped state and its neutral undoped state and vice versa is accompanied by a change in optical state. This forms the basis for the use of conjugated polymers in applications including variable reflectance mirrors [1] [2] [3] [4] , smart windows [5] [6] [7] , etc. Of the different types of electrochromic materials, conjugated polymers offer advantages such as processability, variable transmittance, low voltage operation, long open circuit memory, and high coloration efficiencies where coloration efficiency is defined as the change in optical density per charge injected [8, 9] . With recent advances in processing of indium doped tin oxide (ITO) onto thin PET films, flexible electrochromic devices based on conjugated polymers and polymer gel electrolytes have been reported [10, 11] . Recently, Reynolds and co-workers reported the first all polymeric device where the ITO conductive layer was replaced with the optically transparent and conductive poly(3,4-ethylenedioxythiophene)poly(styrene sulfonate) (PEDOT-PSS). These EC windows were capable of switching between the bleached and colored states on the order of a few seconds thereby providing a proof-of-concept for electrochromic glazings [12] .
A few applications by which materials having the ability to switch between bleached and colored states can be incorporated into include, but are not limited to, visors, goggles, sun-roofs, skylights and smart windows for buildings. One estimate projects that electrochromic tinting windows could save ca. 30-40% of power consumed via reduction of the amount of heat transferred into a building which would reduce the load on air-conditioners [13] . Poly(3,4-ethylenedioxythiophene) (PEDOT) has been studied as a potential candidate for the manufacture of smart windows, owing to its ease of being switched between a blue colored state and a sky blue bleached state [14] . There has been an intense amount of effort on the structure-property relationships on conjugated polymers based on alkylenedioxythiophene and it is through these studies that significant achievements have been made to obtain conjugated polymers having significant optical contrast improvement over PEDOT. One improvement comes from introduction of alkyl groups to decrease the absorbance tail extending from the IR into the visible region [15] . Dietrich et al. first reported that conjugated polymers from 3,4-propylenedioxythiophene (ProDOT) exhibit higher contrast in comparison to conjugated polymers from EDOT [16] . The difference between ProDOT and EDOT is one extra methylene group in the cyclic dioxane structure. Based on this finding, Reynolds and Kumar systematically varied substituents of the cyclic dioxane rings of EDOT and ProDOT and showed that conjugated polymers from these monomers can exhibit high contrasts at its λ max (>60%) [17] [18] [19] [20] . Polymers from EDOT and ProDOT switch between a deep blue colored state when neutral to a virtually colorless light blue bleached state when oxidized.
Here, we report the electro-optical properties of two high contrast cathodically coloring conjugated polymers based on substituted ProDOT earlier reported by Kumar and co-workers [19, 20] in solid-state dual polymer electrochromic windows. The polymers were optically characterized by their photopic transmission response, calculated from the visible region transmittance spectra on their bleached and colored states. EC devices were constructed using derivatives of poly(ProDOT) as the cathodically coloring polymer and poly(3,6-bis(2-(3,4ethylenedioxy)thienyl)-N-methyl carbazole) (PBEDOT-NMCz) as the anodically coloring polymer. These devices have a similar architecture to those reported earlier by Sapp et al. [21] . Fig. 1 shows the chemical structures of the two ProDOT derivatives used in this study and also BEDOT-NMCz.
Experimental

Materials
DibenzylProDOT (DiBz-ProDOT), biphenylmethyloxymethyl ProDOT (BPMOM-ProDOT) [17, 19, 20 ] and 3,6-bis (2-(3,4-ethylenedioxy)thienyl)-N-methyl carbazole (BEDOT-NMCz) [22] were prepared according to reported procedure. 3,4-Ethylenedioxythiophene (EDOT) and 3,6dibromocarbazole were purchased from Aldrich. EDOT was distilled under reduced pressure before use to obtain a clear and colorless liquid. Acetonitrile (ACN) was purchased from Fisher Scientific and was distilled over calcium hydride (Aldrich) before use. Lithium trifluoromethanesulfonate (LITRIF), poly(ethyleneglycol ethylether methacrylate) (PEGMA), 2,2dimethoxy-2-phenoxy-acetophenone (DMPAP) and propylene carbonate (PC) were purchased from Aldrich and used as received. A 3 in. × 3 in. ITO coated glass (thickness = 0.7 mm) and cuvette size ITO glass with a nominal resistance of ca. 15-25 was purchased from Delta Technologies. The 3 in. × 3 in. ITO glass was cut to the requisite size before use. Fifty to 100 m glass beads were purchased from Polysciences. UVS-91, a photocurable glue, was purchased from Norland Products Inc. and used as received.
Instrumentation
CHI 660A and 400 potentiostats were used for all electrochemical polymerizations and studies. A UVP CL-1000 cross-linker with a 365 nm light source was used for curing the gel electrolyte.
Electrochemical polymerization
The monomers BPMOM-ProDOT and DiBz-ProDOT were electrochemically polymerized onto ITO coated glass at a potential of 1.3 V (versus Ag/Ag + ). The Ag/Ag + reference electrode was calibrated versus ferrocene/ferrocenium redox couple and determined to be 0.46 V versus normal hydrogen electrode (NHE). The polymers in the oxidized state were washed with ACN, dried, and then stored in a dessicator until device fabrication. BEDOT-NMCz was electrochemically polymerized onto ITO coated glass at 0.65 V (versus Ag/Ag + ) and reduced to the neutral state via the application a constant potential of −0.6 V. The PBEDOT-NMCz film was then washed with ACN, dried, and stored in a dessicator until device fabrication.
Spectroelectrochemistry
Electrochemically synthesized films of BPMOM-ProDOT and DiBz-ProDOT were found to exhibit a linear relation-ship between polymerization charge density and polymerization time. Several samples of these polymers were prepared by constant potential polymerization onto cuvette size ITO glass to various charge densities and the visible spectrum in the neutral state corresponding to a potential of −0.6 V and oxidized state corresponding to a potential of 0.4 V were obtained.
Device fabrication
A solution comprised of 3.0 g propylene carbonate, 7.0 g PEGMA, 1.0 g LITRIF, 17.5 mg DMPAP was sonicated till a clear homogenous solution is obtained and then 5.0 mg glass beads (50-100 m) was added. PBPMOM-ProDOT and PDiBz-ProDOT were electropolymerized onto ITO glass at 1.3 V from a 5 mM monomer solution in 0.1 M LITRIF/ACN. After polymerization, each film was submitted to potential steps between −0.6 V (neutral state) and 0.4 V (oxidized state), and the charge consumed in the process (that is, the redox charge of the film) was obtained. PBEDOT-NMCz was electrodeposited at 0.65 V from a 1 mM BEDOT-NMCz 0.1 M LITRIF/ACN solution. The charge consumed for the redox process for switching between the bleached and colored states of PBEDOT-NMCz was measured while applying potential steps between −0.6 V (neutral state) and 0.45 V (oxidized state). Devices were constructed with matched charges for both constituent polymer films. Prior to device assembly, the PBEDOT-NMCz films were stepped to the neutral form by applying −0.6 V for 5 s and the PBPMOM-ProDOT or PDIBz-ProDOT films were switched to the oxidized state by holding them at 0.4 V for 5 s. The pair of conjugated polymers was then washed with acetonitrile, dried, and stored in a dessicator until device fabrication. The electrolyte solution described above was poured over the poly(ProDOT) coated ITO glass and the PBEDOT-NMCz coated ITO glass was placed on top of the solution such that the conjugated polymers face one another. The gel was then cured under a UV lamp (365 nm, 5.8 mW/cm 2 ) for approximately 20 min. To verify complete conversion of the monomer to the polymer, the cured gel electrolyte was taken apart and soaked in CDCl 3 and also in DMSO-d 6 over night and NMR of the filtered solutions obtained. NMR indicates only the presence of propylene carbonate which was used as the plasticizer and no peaks corresponding to the monomer was observed in the NMR traces. The glass beads maintained an even distance between conjugated polymer coatings and thereby prevented the shorting of the two conductive plates. The sides of the devices were then sealed using UVS-91 that was photocured for 3 min at 365 nm (5.8 mW/cm 2 ). The viscous sealant attained a high enough viscosity upon 3 min of UV exposure. These devices did not show any signs of failure upon immersion in water after 15 h, whereas unsealed devices completely delaminated in less than a minute.
It has been reported that thermal and photodegradation of PEO matrixes can affect their optical properties [23, 24] . In our experience, under ambient conditions no significant optical change was observed in the gel after 24 months. However, further studies on long-term stability under specific limit conditions are needed for practical applications. That will be part of our subsequent work.
Results and discussion
Photopic transmittance of the conjugated polymers
Different charge densities of the two ProDOT polymers were obtained by carrying out the electrochemical polymerization of the ProDOT monomers to different polymerization times. The spectra of the polymers from both ProDOT monomers were then obtained via application of −0.6 and 0.4 V corresponding to their colored and bleached states, respectively. The photopically weighted spectra [25] [26] [27] , were then calculated using Eq. (1),
where T(λ) is the spectral transmittance of the device, S(λ) the normalized spectral emittance of a 6000 K blackbody and P(λ) is the normalized spectral response of the eye.
Neutral PBPMOM-ProDOT exhibits a peak at 581 nm with a shoulder at 626 nm, whereas PDiBz-ProDOT exhibits a peak at 634 nm with a shoulder at 578 nm and this is consistent with earlier reports [17, 19, 20] . Fig. 2 shows the change in photopically weighted %T values in the bleached and colored states and the corresponding contrast with increasing polymerization charge densities.
The two conjugated polymers exhibit an increase in photopic contrast with increasing polymerization charge density and were found to attain a steady state value of photopic contrast for polymer films prepared with an end electrochemical polymerization charge density of ca. >18 mC/cm 2 .
The contrasts at the absorption peak, shoulder (sh), at 555 nm and the photopic value for PDiBz-ProDOT, PBPMOM-ProDOT and PBEDOT-NMCz are listed in Table 1 . For comparison purposes PEDOT films were prepared in the same conditions (except from monomer concentration, 20 mM EDOT); results are included in the table. The two polymers, PBPMOM-ProDOT and PDiBz-ProDOT, exhibit a maximum contrast of 66 and 73% (at ∼580 nm), 61 and 78% (at ∼630 nm), 55 and 59% (at 555 nm), respectively. The photopic transmission has the maximum weight at 555 nm and hence the maximum photopic contrast for the polymers alone was found to be 51 and 57% for PBPMOM-ProDOT and PDiBz-ProDOT, respectively. These values were found to be 5 and 11% higher than that of PEDOT, and 32 and 38% higher than PBEDOT-NMCz, respectively. Also, the clear state photopic %T values for PBPMOM-ProDOT and PDiBz-ProDOT were about 14 and 22% higher than that of PEDOT. It is the bleached state of the conductive polymer that is critical for achieving a higher contrast in the device especially when the absorbances of the electrodes and gelelectrolyte are factored in. Since transmittance and absorbance have a logarithmic relationship, the drop in the bleached state transmittance is more significant than that for the colored state as a result of additional absorbance of the substrates and gelelectrolyte. 
Solid-state EC windows
Solid-state EC windows were constructed, wherein PBPMOM-ProDOT or PDiBz-ProDOT was used as the cathodically coloring polymer, meaning the polymer goes to a more optically dense state in the reduced form, and PBEDOT-NMCz was used as the anodically coloring polymer. Devices were constructed by ensuring that the redox charges of the conjugated polymer complementary pair were the same with the ProDOT films being assembled in the device in the oxidized state and PBEDOT-NMCz in the neutral state (Fig. 3) . The device construction was completed by sealing the device using a polyurethane based photo-cross-linkable gel.
Switching potential of devices
Cyclic voltammograms of the EC windows were obtained via potential cycling between −1.5 and 0.9 V at a scan rate of 100 mV/s. Device response was obtained in a two-electrode cell configuration (ProDOT derivative film acting as counter and reference electrode), while each individual film response was obtained in a three-electrode cell, with an Ag/Ag + reference electrode, previously to the device assembly. Cyclic voltammetry of a PBPMOM-ProDOT/PBEDOT-NMCz device comprised by two films of 1 mC/cm 2 redox charge, together with the cyclic voltammograms corresponding to its constituent films, is shown in Fig. 4 . The PBPMOM-ProDOT/PBEDOT-NMCz EC window exhibited two broad peaks centered at ca. light yellow in color and its colored state which was deep blue in color at 0.9 V. PDiBz-ProDOT/PBEDOT-NMCz EC windows exhibited similar cyclic voltammograms and attained their respective bleached and colored states at the same potentials as the PBPMOM-ProDOT/PBEDOT-NMCz EC windows. At −1.4 V the PDiBz-ProDOT/PBEDOT-NMCz EC window was in a light yellow bleached state and at 0.9 V it was a deep blue colored state.
As observed in the cyclic voltammogram for the devices, a substantial amount of consumed charge does not occur until −0.9 V and thereafter the amount of charge consumed results in a rapid change in the transmittance value. The absorption spectrum of the device was measured as a function of potential and the photopic values were calculated using Eq. (1).
As shown in Fig. 5A and B , there was no significant change in the photopic transmittance until ca. −1.0 V and 90% of the total photopic contrast was achieved within a small potential window between ca. −1.0 and 0.8 V. The devices were found to switch reversibly between −1.5 and 0.9 V, and showed no signs of failure with respect to loss of photopic contrast or decreased 
Contrast in devices
The photopic contrasts for a series of EC windows were measured as a function of the redox charge of the two complementary conjugated polymers and these results are listed in Table 2 .
A maximum of 46.8% photopic contrast was achieved when the redox charge of PBPMOM-ProDOT and PBEDOT-NMCz was ca. 1.50 mC/cm 2 with the clear and dark states at 65.2 and 18.4%, respectively. The clear state, dark state and photopic contrast for the same dual conjugated polymer device were determined to be 67. 8, 9.6 and 58.2%, respectively, at 587 nm (peak) and 67.3, 13.6 and 53.7%, respectively, at 632 nm (shoul- . Further increase in the redox charge of the films leads to a drop in the contrast at the absorption peak. Fig. 6A and B shows the change in the visible spectrum of the high contrast devices comprised of PDiBz-ProDOT and PBPMOM-ProDOT as a function of potential. Concurring with the observation that a significant change in charge injection and change in photopic contrast occurs only above ca. −1 V for the PBPMOM-ProDOT/PBEDOT-NMCz EC windows, the spectral change throughout the visible region also occurs only above ca. −0.9 V. Similar results are observed for PDiBz-ProDOT/PBEDOT-NMCz EC windows as shown in Fig. 6B .
Switching characteristics and open circuit memory
For a device, with an active electrochromic area dimension of 3.8 cm × 2.4 cm (i.e., 9.12 cm 2 ) the time for switching from a clear state of ∼68% to a dark state of ∼31% was measured to be 1.2 s and the reverse switching was completed within 0.7 s at room temperature (25 • C). Color switch was uniform along the whole surface of the device. Switching time was obtained by means of applying potential steps between −1.5 and 0.9 V, and switching speed was defined as the time necessary to complete 90% of the total transmittance change (recorded at 555 nm). Fig. 7 shows a representative of the change in percent transmittance as a function of time for an EC device (PBPMOM-ProDOT/PBEDOT-NMCz).
Furthermore, these devices were found to hold their different optical states after turning off the power, i.e., they exhibited long open circuit memory. Fig. 8 shows the photopic transmittance of a PDiBz-ProDOT/PBEDOT-NMCz EC window under open circuit conditions for 12 h. The device was switched to either the bleached or colored state by stepping to −1.4 or 0.9 V (versus PDiBz-ProDOT), respectively, for 10 s and the power supply was discontinued. The spectra of the device (between 850 and 350 nm) were obtained at regular intervals of 30 min for the first 2 h and thereafter every hour for the remaining 10 h. The photopic transmittance value was then obtained using the equa- tion given earlier. All the results presented here were obtained for devices kept under ambient light conditions. After 12 h, the percent transmittance in the bleached state decreased by about ca. 9.3% whereas the percent transmittance in the dark state remained stable. For the bleached state, there was initially a rapid drop in transmittance at a rate of 0.036% min −1 for the first 2 h and 0.0085% min −1 for the remaining 10 h.
Conclusions
Solid-state electrochromic windows from ProDOT derivatives using a dual polymer electrochromic architecture were fabricated and their electro-optical characteristics were recorded as a function of varying the conjugated film redox charges. These devices exhibited response speeds of approximately 1 s with photopic contrasts as high as 52% for the complete device. Within the set of EC dual conjugated polymer windows con-structed here, the use of PDiBzProDOT as the cathodically coloring polymer proved to be superior to windows using either PEDOT or PBPMOMProDOT as the anodically coloring polymer.
Another conclusion drawn from this work is the convenience of using photopically weighted values compared to reporting contrasts at a single wavelength. Generally, electrochromic contrasts are reported in literature at the λ max of the system or at 555 nm. However, it should be recognized that these values could be in significant error with respect to the application. Values reported at 555 nm are more consistent with the application than those reported at λ max , and within this work, it is evident that the values reported at 555 nm are consistent with the photopic reported values so long as the electrochromic polymer has a maximum contrast at 555 nm. For conjugated polymers that do not have a λ max in close proximity to 555 nm, photopic contrast values should be used. Also, in a dual polymer configuration at least one of the polymers needs to exhibit a high photopic coloration efficiency to obtain a high contrast. The EC windows were found to exhibit good stability under open circuit conditions. The colored state open circuit percent transmittance value was stable in comparison to the bleached state values.
